We have carried out a conceptual study for an instrument (QuantEYE) capable to detect and measure photonstream statistics, e.g. power spectra or autocorrelation functions. Such functions increase with the square of the detected signal, implying an enormously increased sensitivity at the future Extremely Large Telescopes, such as the OverWhelmingly Large (OWL) telescope of the European Southern Observatory (ESO). Furthermore, QuantEYE will have the capability of exploring astrophysical variability on microsecond and nanosecond scales, down to the quantum-optical limit. Expected observable phenomena include instabilities of photon-gas bubbles in accretion flows, p-mode oscillations in neutron stars, and quantum-optical photon bunching in time.
INTRODUCTION
All existing astronomical instruments recording electromagnetic radiation of any wavelength are measuring either the directions of photon arrival, as for the cameras, or the energy of the arriving photons, as for the spectrometers, or some combination of these properties. Essentially, we can say that current astronomy exploits only the properties of first order coherence of light: that is, spatial coherence for making imaging and temporal coherence for making spectroscopy.
This type of instrumentation cannot solve a typical problem often encountered in astrophysics, that is the ability of discerning the physical processes at the base of the radiation emission: if thermal radiation, or stimulated emission, or synchrotron radiation, or anything else. In fact, by the observation of light with standard astronomical instrumentation there is no possibility of distinguishing one source type from the other, because this information is not recorded for example in a high spatial resolution long exposure image, nor in a high resolution spectrum.
However, laboratory and theoretical studies in quantum optics have demonstrated that both individual photons and groups of photons carry additional information, even for photons of some specific wavelength arriving from a given precise direction. For example, individual photons may carry various amounts of orbital angular momentum in addition to their "regular" angular momentum associated with circular polarization;
1, 2 and the statistics of photon arrival times in photon streams may carry information about the physics of light emission (e.g. stimulated emission as in a laser) or propagation (e.g. whether photons have arrived directly from the source, or have undergone scatterings on their way) 3-5 (see Fig. 1 ).
The statistics of photon arrival times, in particular, gives a measurement of "ordering" within the photonstream, and of its possible deviations from "randomness". Such properties are reflected in the second and higher order coherence of light, observable as correlations between pairs (or a greater number) of photons. Such high-order coherence of light can be measured from the arrival time statistics of individual photons, with the effects fully visible over timescales equal to the first order temporal coherence time. For astronomically realistic passbands (∆λ ≈ 1 nm), this time is on the order of picoseconds, much shorter than actual photometric resolutions. On a more realistic nanosecond scales, the effects are diluted but still measurable, as demonstrated already years ago by the intensity interferometer, the so far only astronomical instrument that studied the second-order coherence of light. 
The Need for Extremely Large Telescopes
Numerous discoveries were made with resolutions of milliseconds and slower: optical and X-ray pulsars, planetaryring occultations, cataclysmic variables, pulsating white dwarfs, X-ray binaries, gamma-ray burst afterglows, etc. A strong limitation for such "fast" optical studies is the present detector performance: on one side, CCD-like detectors do not allow frame rates higher than 0.1-1 kHz; on the other, photon-counting detectors either have low quantum efficiency and/or photon count rates limited to no more than some hundreds of kHz. At the same time, another limitation is the telescope light-collecting power. For obtaining a reasonable sensitivity, the photon flux must match the detector time resolution; since microsecond time resolution requires MHz count rates, the collected radiation flux must give such a count rate also with very weak sources. For this reason, extremely large telescopes (ELT's) offer enormously increased sensitivity for studying astrophysical variability on timescales of milli-, micro-, and nanoseconds. Moreover, as already said, since the astrophysical phenomena are normally not periodic and their exact timescales are both unknown and variable, the high order coherence studies must be based on photon-stream statistics, that is power spectra or autocorrelations. Such functions increase with the square of the collected light intensity: for instance, doubling the telescope diameter increases the area fourfold, and the second order correlation signal by a factor of 16! Higher-order correlations increase even steeper with telescope size (see Table 1 ).
The enormously increased sensitivity offered by ELT's in observing very rapid variability and photon statistics in astronomical sources, may well open up quantum optics as a fundamentally new information channel from the Universe. 7 For this reason, in the framework of the instrument design studies for the European Southern Observatory's (ESO) planned Overwhelmingly Large Telescope (OWL), we have proposed QuantEYE, an instrument designed to be the highest time resolution instrument for astronomical applications.
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QuantEYE is designed for sub-nanosecond time resolutions with GHz photon count-rates. This will enable detailed studies of many fast astrophysical phenomena: some examples can be millisecond pulsars, variability close to black holes, surface convection on white dwarfs, photon-gas bubbles in accretion flows, etc. But, for the just described reasons, the main aim of this instrument is to reach timescales sufficiently short to reveal the quantum-optical statistics of photon arrival times, and to venture into previously unexplored parameter domains.
QUANTEYE DESIGN
For the conceptual design of QuantEYE, a "conservative" approach was taken, designing the system within existing detector technologies. Besides demonstrating the feasibility of the concept, this means that a prototype or test instrument could be realized along these lines, using commercially available components.
The optical design of QuantEYE has been based on the characteristics which were foreseen in 2005 for the OWL telescope. Although it has been decided that the final OWL design will differ from the characteristics adopted in this study, QuantEYE maintains its full scientific appeal, and can be easily adapted to different ELT's.
Design Constraints
The optical design of the proposed instrument has been driven by two main factors. The first is obviously the OWL telescope characteristics and performance: OWL has a 100 m aperture with an f /6 focal ratio; it is fully corrected for geometric aberrations and is limited by seeing (in the absence of an adaptive optics system). On the basis of the present experience with large telescopes in "normal" seeing conditions from a usual high quality site, we have assumed that a large fraction of the light coming from a point-like source at infinity will be concentrated within 1 arcsec over a fairly satisfactory percentage of the observing time. Owing to the 600 m telescope focal length, this corresponds to a 3 mm diameter spot at the OWL focus.
The second factor driving the QuantEYE design is the limited selection of presently available very fast photon counting detectors. In fact, there is no imaging photon counting detector having acceptable performance: for example, intensified CCD's have intrinsically low time resolution (limited by the CCD frame transfer rate that can be at best of the order of a few ms), and "standard" microchannel plate (MCP) detectors 12-14 have a rather limited global count rate (typically a few hundred kHz). Even if the development of the second generation H33D MCP based photon counting detector 15, 16 seems very promising (expected time resolution of the order of 250 ps, global count rate of the order of 20 MHz), this detector has not yet the characteristics to satisfy the performance required for QuantEYE.
Unfortunately, not even the state-of-the-art non-imaging photon counting detectors are able to satisfy the required performance. At present, the best possible selection is the single photon avalanche photodiode (SPAD): with the most recent techniques of realizing SPAD's, 17 a time resolution as low as 50 ps, with count rates as high as 10 MHz can be obtained. Even if the time resolution is acceptable for this application, the global count rate is still at least two orders of magnitude smaller than necessary. Moreover, these detectors essentially are diodes, that is they can act only as single pixel, and do not allow to obtain any spatial information. At present there is a great effort in developing SPAD arrays (SPADA): however, until now only small SPADA's have been produced (for example, up to 60 pixels 18 ), and typically with separated pixels to limit the crosstalk. These are not useful for this application, but it is reasonable to expect a technological development allowing to have SPADA detectors available in the next future.
On the basis of the just described constraints, we decided that the only possible detector for this application could be a distributed SPADA, i.e. a certain number of sparse single SPAD's, on which the light had to be somehow focused. After a detailed search among the presently available detectors, we decided that the optimal SPAD for this application was a Micro Photon Devices (MPD) one (11 MHz maximum count rate, squared sensitive area of 50 µm side, 40 counts/s noise, less than 100 ps timing accuracy and 50-60 ns dead time). Moreover, owing to the difficulties in realizing a fast photon counting imaging detector, we decided that this system had to work as a simple photometer, without any imaging capability. After these choices, the instrument optical design essentially followed as a consequence.
Optical Design
The QuantEYE wavelength range is set by that of the selected photon counting SPAD's, that is 400-900 nm, where the quantum efficiency is better than 40%. Actually, SPAD's based on germanium and other suitable materials for operating in the near infrared (1.0-1.8 µm) are being developed by industry. However, they have not been considered for our application for two reasons. First, because their dark count rate is relatively high; second, because a very wide spectral range makes extremely difficult to realize a lens system not seriously affected by chromatic aberration.
The optical system designed for QuantEYE is schematically shown in Figs. 2 and 3 . It is based on a preliminary collimation of the beam after the OWL focus, and on a following subdivision of the system pupil into N × N sub-pupils, each of them focused on a single SPAD (so giving a total of N 2 SPAD's). In this way, the distributed SPADA is essentially sampling the telescope pupil, and a system of N 2 parallel smaller telescopes is realized, each one acting as a fast photometer.
It is important to observe that since it is a portion of the telescope pupil that is focused on each SPAD, QuantEYE is not providing imaging of the observed target. The whole instrument is a single photometer, in which the light beam is split in N 2 parallel channels. This optical solution has two main advantages. The first is that in this way the global count rate is statistically increased by a factor N 2 with respect to the maximum count rate of a single SPAD: in the assumption of having N = 10, that is to use 100 SPAD's, the global count rate becomes 100 times higher than the SPAD one (10 MHz) bringing it to 1 GHz. In this way the total count rate requirement of QuantEYE can be satisfied.
The second advantage is the possibility of obtaining a rather simple design for the lenses in the array, which simplifies the optical design, in the hypothesis of realizing a non-imaging photometric system with the low noise 50 µm SPAD's. In fact, it is very simple to realize, by means of the Lagrange theorem, that the one arcsec 3 mm spot at the OWL focus, that has an f /6 aperture, can be focused on a 50 µm SPAD only if the beam aperture on the detector is f /0.1. This can be extremely complex to be realized taking in account the need of very small aberrations. However, if the beam size is divided in 10 × 10 portions, the beam aperture of each subpupil that has to be focused on the detector becomes f /1: this is a much more reasonable value and can be more easily obtained.
There are also some other advantages related to the pupil segmentation. One is that the detector redundancy enables to confirm possibly doubtful signals through their possible simultaneous occurrence in different channels. Another is that some types of events imply an illumination sweeping across the entrance pupil (e.g. occultations by Kuiper-belt asteroids), which now can be both spatially and temporally resolved. Finally, by suitable crosscorrelations of the detected signal, a digital Hanbury Brown-Twiss intensity interferometer is realized between a large number of different sub-apertures across the full OWL pupil.
More in detail, QuantEYE consists of an inverse Cassegrain telescope with 600 mm focal length and 100 mm diameter (f /6) which collimates the light beam after the focus of the OWL telescope (see Fig. 2 ). After collimation, the radiation beam has an annular shape of about 100 mm maximum radius. Here, it is foreseen the u u possibility of inserting filters and/or polarizers which are stacked in a suitable location on the telescope side (see Fig. 3 ). The filtered beam is then collected by a 10 × 10 lenslet array sampling the instrument pupil. Each lenslet is an ad-hoc compound system of two doublets with a 10 × 10 mm 2 section and 10 mm focal length (f /1). The doublet conceptual design adopts only spherical surfaces for easiness of fabrication. The 1/60 demagnification of this system is such to reduce the 3 mm diameter (1 arcsec) focus of OWL to 50 µm, corresponding to the baseline SPAD active area. To direct the lens focus on the SPAD's, an optical fiber link has been assumed.
To have an idea about the optical performance of this instrument, in Fig. 4 the plot of the encircled energy distribution due to a 1 arcsec extended source is shown. It is possible to see that essentially 100% of the 1 arcsec source energy falls within the 50 µm diameter of the fiber core. Moreover, we have to observe that in this simulation, owing to a software limitation, it has been assumed that the extended source has a uniform intensity: since in the real case the illumination distribution is of Gaussian type, we expect a still higher percentage of energy flux entering the fiber. 
Data Handling System Design
The fundamental information that has to be recorded with QuantEYE is the arrival time of each detected photon. Taking in account the maximum possible data-rate of 1 GHz, that is one photon every nanosecond, it is clear that the time-tag associated to each event has to be accurate at sub-nanosecond precision for all the time of integration. Assuming integration times of the order of tens of minutes, a couple of critical points are immediately evident. The first is the need of time-tagging each detected photon with the necessary accuracy over such a long time; the second is the capability of storing all the acquired data at their "production rate" and of performing a suitable data analysis.
We have foreseen to solve the first problem using a Global Positioning System (GPS), or the future Global Navigation Satellite System (GNSS) Galileo, satellite receiver for providing an initial absolute time reference. This would also enable the possibility of having time coordinated observations with other instruments on ground and in space. Then, an exact differential time-tag is provided by a hydrogen maser clock, which assures a precision better than 100 ps for several hours.
To store and analyze all the collected data, it has been foreseen that QuantEYE has a central storage unit with a minimum capacity of 50 Terabytes connected to an a-posteriori analysis system with a high bandwidth transport channel. The arrival time of each photon is given as input to an asynchronous post processor which guarantees data integrity for the following scientific investigation. This a-posteriori processing unit is a cluster of CPU's: specific parallel algorithms will work together, optimizing the computations of the high order correlation functions between the time tagged photons. Furthermore, QuantEYE will perform real time correlation functions among different detectors (on-line correlation unit). The number of detectors to be analyzed in real time depends on the computational power of reprogrammable logic circuits and processors, which is connected to the technological progress of CPU's, FPGA's (Field Programmable Gate Arrays) and ASIC's (Application-Specific Integrated Circuits).
Additional considerations
As shown in Fig. 2 , the QuantEYE design foresees the presence of filters along the collimated optical path after the second mirror of the telescope. The sub-pupil sectioning operated by the lens array allows also to subdivide a filter in two or more sub-filters, so that different detectors see differently colored light. In the limit, each lens could have a different filter in front. This option would allow the simultaneous observation of one object at two or more spectral bandwidths, giving some spectral capability to the system. Obviously, this is possible at the expense of a reduced flux per each "spectral" channel.
To have the possibility of calibrating the optical head and to allow reference measurements, a second moving detector head has been foreseen to observe a comparison star. This second head will be an exact copy of the main one, but will be mounted on a suitable scanning mechanism to be able to span the whole 3 arcmin scientific field of view of OWL obviously without any mechanical interference with the main head.
Another important point to recall is that OWL will be gradually installed: in fact, the main mirror consists of a huge number of smaller mirrors, and the realization of the whole telescope will take a relatively long time. For this reason, we have analyzed the possibility of working also with a partially filled OWL pupil. In this respect, the pupil-slicing concept has the great advantage that it allows to work also with a limited number of operative detectors. Moreover, as already mentioned, since the instrument is a photometer and does not realize imaging, there is also no need of a full adaptive optics system. These two facts are very important, as they show that QuantEYE will be able to give a scientific result also while the OWL telescope is under construction.
POSSIBLE FUTURE DEVELOPMENTS
As already mentioned, the QuantEYE design has been conceived on the basis of present technologies. However, the realization of OWL is projected some time in the future, and it is reasonable to suppose that in the meanwhile the technological development, mainly of the detectors, would allow to improve the system performance. Under this hypothesis we have studied some possible variations to the baseline design just described.
A first possible improvement of the system is the possibility of avoiding the optical fibers, directly coupling the array lens foci with a SPADA: this option would greatly simplify the system, making it at the same time more robust and efficient. In fact, the SPAD technology is greatly advancing in the realization of "granular" arrays. One example of this is the SPADA detector under realization for the adaptive optics MACAO system for VLT, 19 in which a 60 × 4 SPAD array has been built. Although this detector has characteristics which differ from the one we are interested in, it shows that the technology for realizing separated SPAD's on the same silicon substrate is available. From contacts we had with the MPD company, it seems that realizing a "granular" SPADA with 50 µm size sensitive areas separated from each other by 10 mm, the distance among the lens array foci of the present design, is not a real problem. More difficult is to have a single 100 mm diameter wafer with all the detectors on it, but this problem could be overcome using a wafer mosaic.
A second possible development could be possible if SPAD's sensitive to the near infrared (NIR) become available. Then, changing some of the trains filter + lens (+ fiber) + SPAD, simultaneous observations in the visible and NIR would become feasible. In the limit, one could think of 100 individual channels corresponding to 10 × 10 10-m telescopes simultaneously looking at the same star with 100 different spectral channels.
Finally, some considerations have also been given to the possibility of realizing an "imaging" system, and to what could be the necessary technological developments. A first obvious development would be the capability of realizing a SPADA with no dead area between the sensitive portions. Once this detector is available, it could be simply located on the OWL focus to obtain the requested scientific return. However, since this ideal array seems far from being realized, with "almost" present-day technology one can think of different possible solutions. For example, one possible concept could be the use of a first N × N microlens array located at the OWL focus and acting as field lenses matched to a second N × N microlens array of the same section but different focal length acting as relay lenses. By a suitable choice of the focal lengths of the field and relay microlenses, an ideal 50 µm spot size (or smaller) at the focus of the relay microlenses can be obtained. If a "granular" SPADA is located at the microlens foci, an imaging system is obtained. The two main difficulties of this concept are the realization of the necessary microlens array, that has to cover a wide spectral range providing very small aberrations, and the availability of the SPADA "granular" detector, as previously mentioned.
Another possible future development is relative to the analysis of the huge, multidimensional database generated by QuantEYE. The necessary computational power is really large, and new algorithms have to be developed: to this end, we hope that in the future quantum computing and quantum algorithms might be available, greatly improving the computational capabilities.
CONCLUSIONS
We have described the conceptual study of QuantEYE, an instrument proposed for installation at the ESO OWL telescope focal plane, capable to detect and measure photon-stream statistics, as power spectra or autocorrelation functions, from point-like sources in the Universe. With the system here described, a fixed-area very high speed photometer with a tremendous dynamic range, from the 5 th to the 30 th stellar magnitude, corresponding to a factor 10 10 in brightness, can be obtained.
The adopted optical solution is relatively simple and possible with actual technologies, the main constraint essentially being the present limited availability of very fast photon counting detector arrays. The proposed optical solution foresees the sampling of the telescope pupil in 10 × 10 parallel channels, each one with its own SPAD detector. The time-tagging of the detected photons will be assured with a precision better than 100 ps by means of an initial absolute time referencing through the GPS/GNSS and a differential timing provided by a hydrogen maser clock. The huge amount of data collected by QuantEYE will be processed by a suitable cluster of CPU's by means of specific parallel algorithms.
Finally, also some possible alternative designs have been described, assuming a future technology development of fast photon counting detector arrays in the OWL construction timeframe.
Owing to the temporal projection of the OWL realization, we are presently looking at the possibility of realizing a smaller instrument prototype to be applied to an existing large telescope. The results we will obtain from this prototype instrument, if realized, will be extremely important for understanding what are the critical points of QuantEYE and to find the best way to overcome them.
